"constant" state may be rendered again "variable" (i.e., having an apparent resistance depending on the value of the applied potential), simply by impalement. However, the production of this state at will has contributed toward an understanding of its causes, and it is believed that an objective statement of the changes occurring as the cells remain impaled may be valuable. The formation of an "electrical seal" about the capillary has already been referred to in the static measurements of Osterhout, Damon, and Jacques.3, * The, present measurements of resistance and polarization during the flow o[ current across the whole protoplasmic film yield further criteria on the condition of impaled cells.
II
The present technique was directly adapted from that of Osterhout, Damon, and Jacques, the impalement being done under a slight pressure and a small hydrostatic head subsequently maintained to prevent the collapse of the cells. Various arrangements utilized are shown in Figs. I, a, b, and c. Supported by the capillary above, and by a ring of cork or glass below, the cell was held gently and motion upon the capillary was prevented. This immobility contributed largely to the prompt recovery and long life of the cells. The use of rather small cells (from 0.5 to 1 cm in diameter) was also helpful, since the protoplasmic film of larger cells seems to be much more unstable, and breaks up into hundreds of tiny cells (inside the old cell wall) very promptly after mechanical injury such as pricking. Smaller cells (2 to 3 ram. in diameter) could sometimes be impaled without support from below ( Fig. 1 d) .
The capillaries usually projected 2 or 3 ram. into the vacuole; they were about 1 cm. long and had an outside diameter of 0.2 to 0.5 ram. They were drawn on the ends of ~ inch (or smaller) glass tubing, which, filled with artificial sap of Valonia ventricosa, 5 formed the salt-bridge connecting the vacuole to one of the electrodes. 30stethout, W. J. V., Damon, E. B., and Jacques, A. G., Y. Gen. Physiol., 1927 -28, 11,193. 4 Damon, E. B., Y. Gen. Physiol., 1929 . This had the composition: 0.6 •. KC1, 95 parts, to 0.6 ~r. NaC1, 5 parts. For the original analysis of this sap see Cooper, W. C., Jr., and Blinks, L. R.~ Sdence, 1928, 68, 164. In this they resemble most of the so-called "micro-electrodes," which are generally microscopic only as respects the capillary point inserted into the cell, and are more properly "micro-salt-bridges" connecting the cell interior to more or less distant electrodes of quite ordinary size? This is indeed a more satisfactory arrangement than a minute metal surface, in any electrical measurement where polarization is to be avoided; in the present studies particularly, where current flow is purposely caused in order to produce the described effects, such polarization In each case the capillary is drawn on the end of a vertical tube which fits rather tightly in the cork stopper. It is filled with artificial sap. In a the cell is supported from below on a cork with flexible prongs, itself supported on a glass rod inserted firmly into the cork stopper. In b the support is the flared end of a glass tube similarly inserted. In c the cell is supported inside the narrow orifice of a wider glass tube. In d there is no lower support for the small cell. Except in a the electrodes are of straight or coiled silver wire, inserted into the sea water or artificial sap as shown. In a there are agar-plugged salt bridges connecting to lead electrodes (not shown).
e But the silver plated quartz needle recently described by Sen is really a microelectrode. Sen, B., Proc. Soc. Exp. Bid. and Med., 1929-30, 27, 310. is inadmissible. It was found that very small electrodes of fine silver wire, chloride-coated and introduced through the capillary into the vacuole of impaled cells~ gave very erratic results and seriously distorted the observed effects. There was also the danger of injury to the protoplasm by minute amounts of silver or other salts dissolving from metal electrodes inserted directly into the vacuole for long periods of time, and the impossibility of cleaning and recoating the surface at frequent intervals while in the cell. Instead, more distant electrodes of much larger surface were employed and the desired currents obtained through the capillaries by the application of higher voltages.
The electrodes were usually of straight or coiled silver wire (20-gauge) several inches in length, and inserted respectively into the sea water and into the artificial sap in the tube above the capillary (Figs. 1 b, c, d ). They were cleaned and recoated with chloride electrolytically at least once a day (or oftener when their polarization, measured with a blank capillary, warranted). In some of the studies even larger electrodes of sheet lead, amalgamated and chloride-coated, were employed; these dipped into separate vessels and were connected to the cell by agar-plugged salt-bridges, shown in Fig. 1 a.
At either type of electrode, polarization was virtually absent during long flows of the largest currents used in the measurements (50 to 100 microamperes). Similar constancy of ohmic resistance was observed during such flows of current through the capillaries, either when these were in connection with artificial sap in a vessel, or with the natural sap of the vacuole. Thus in a cell killed immediately before measurement, the current was passed through a capillary inserted into the vacuole, for as long as 15 minutes, and in either direction, without significant change of resistance. Such constancy is of course essential for determining the amount of change in the living protoplasm. Very satisfactory agreement of this basal value from day to day was likewise found, the only fluctuations being such as were expected from 2 ° or 3 ° changes of temperature.
The constancy of this resistance disappeared when the sap-filled capillaries were dipped directly into sea water, or remained in a dead cell long enough for the sea water to diffuse into the vacuole. In these cases the resistance rose when the positive current was passed inward, and reached a value about 20 per cent higher when most of the K + ions had been supplanted in the capillary by the less mobile ions of the sea water. Such a diffusion of sea water into the sap is a sign of gross injury, and this effect was never found in healthy cells. Since the rise of resistance in the capillary is entirely ohmic, it is easily distinguished (by the absence of back E.M.~'.) from the protoplasmic phenomena, which will later be shown to be largely reactive (i.e., due to the production of a back E.~.F.).
Further check on the basal resistance of the capillary was given by alternating current measurements at a frequency (5000 cycles) where the impedance of the protoplasm was negligible. These gave very constant readings from day to day, independent of the changes of apparent resistance to direct current occurring in the protoplasm.
Depending upon the diameter and length of the capillary, this basal resistance (S) ranged from 10,000 to 100,000 ohms. In order to pass sufficient current through such capillaries to obtain the described effects in the protoplasm it was sometimes necessary to apply as much as 4 or 5 volts to the electrodes. The potential drop across the protoplasm was, of course, but a small fraction of this. The tota! applied potential (V), and the apparent direct current resistance (R), were determined in the Wheatstone bridge previously described. 2 This bridge also provided for the measurement of potential differences existing in the cell, either by compensating to zero with a series potentiometer, or by deflection of the direct reading detector (vacuum-tube electrometer with string galvanometer). This could be done at full sensitivity, with one arm of the bridge thrown out (open circuit), or, in the condition of balance, with sensitivity reduced one-half.
The values of net protoplasmic potential difference were obtained by subtracting or balancing out the P.D. between the electrodes, due to the different chloride content of sea water and artificial sap. This r.D. was usually about 4 my.
For purposes of comparison with previous papers,b ~ the results with Valonia ventricosa are here described. The cells were used in June, July, and August at Dry Tortugas, Florida, at temperatures between 25 ° and 30°C., and later in New York at lower temperatures with good agreement of the results.
Further general agreement has been found in the behavior of impaled cells of V. macrophysa in the course of continued study at Bermuda, except that these cells show even larger polarization potentials, and recover more readily to a condition resembling the "constant" state of intact cells. These are reserved for discussion in a later paper. As before, it is a pleasure to acknowledge the generous co-operation of the Carnegie Institution of Washington in offering the facilities of its laboratory at Tortugas.
III
This section describes the characteristic values of potential difference naturally existing across the protoplasm of Valonia ventricosa.
As indicated in a preliminary report, 7 these differ somewhat from those of V. macrophysa as described b y Osterhout, D a m o n , and J a c q u e s ) . 4 Theoretically the values of bioelectric potential, developed b y the protoplasm in contact with different solutions, should have a close relation to the polarization potentials elicited b y the flow of current to or from such solutions. This expectation has been justified in the correlation found between several types of polarization responses and the bioelectric potential which accompanies them. Blinks, L. R., Carnegie Inst. Washington Year Book, 1928-29, 28, 277. We m a y indicate five typical stages of the bioelectric potential difference:
(1)
Initial mechanical shock--P.D. 5 Inv. or less Cinside positive). This stage follows immediately after impalement and lasts from a few minutes to several hours, depending apparently on the degree of injury sustained. The earliest measurable P.D. (some 10 seconds after impalement) is about 5 mv.; this usually drops within a few minutes to nearly zero, There is then a slow recovery of 1 or 2 my. per hour, this process passing into stage (2) without apparent break. B u t in occasional cases there m a y be a complete reversal of P.D. 'to about 30 mv. (outside positive). This usually occurs promptly after impalement, lasts but a few minutes and is as promptly recovered from. It seems to occur most frequently in cells which have already reached the " c o n s t a n t " state before impalement, and it is really a m o m e n t a r y example of stage (4), probably elicited by the breakdown of the outer layer (X) of the protoplasm. 4 As X recovers or Y in turn breaks down, the P.D. returns to zero and the remaining slow recovery process ensues.
It may be noted that the potential differences given for stage (1) are in good agreement with those observed by Taylor and Whitaker 8 soon after the insertion of a mlcro-electrode into the vacuole of Valonia ventricosa. They state that there was "a relatively rapid lowering of the potential difference, which was then followed by a gradual rise to a maximum . . . .
Although the amount of voltage varied for different ceils, we have estimated a mean value of the potential difference between the cell sap of Valonia and sea water to be about 0.002 volt. The charge of the cell sap of Valonia was plus with reference to sea water." Had they followed the process longer there can be no doubt the P.D. would have been found to rise to values typical of stage (2). The necessity of such long waits for impaled cells to become stabilized was insufficiently realized for a long time, and probably also accounts for the low values (1 or 2 my.) reported by Osterhout, 9 who first measured the P.D. in this manner in Valonia, and by Jost i° who repeated them. Umrath n has recently stated that his earlier reports for Nitella were likewise too 8 Taylor, C. V., and Whitaker, D. M., Carnegie Inst. Washington Year Book, 1925 -26, 25, 248. 90sterhout, W. J. V., J. Gen. Physiol., 1925 -26, 7, 561. s0 Jost, L., Sitzber. Held. Ak. Wiss., 1927 , Abh. 13, 1. u Umrath, K., Protoplasma, 1930 low for the same reason. This need of recovery was first pointed out by Osterhout, Damon, and Jacques? In early experiments of the author to measure the electrical resistance of impaled cells, great ambiguity was met through similar neglect of the time factor, and the method was temporarily abandoned.
( 2) T h e stage of recovery and normal potential: P.D. from 8 to 25 mY. with an average of 15 inv. (inside positive). This is reached within several hours to 2 days after impalement, and persists through the life of the cell, with a gradual decrease of value. is that of the vacuole, which is positive in the electrometer circuit to the sea water. Fig. 2 gives a composite picture of the course of these values for a representative group of cells. T h e variations from day to day might be several millivolts, but in general a given cell had a more or less constant p.D., and those which were apparently most healthy (i.e., dark green, turgid, and shiny) gave the highest values.
It should be noted that this P.9. is in the same direction as t h a t of V. macrophysa similarly impaled and immersed in sea water, but has a normal value from 2 to 3 times as great. This is a specific difference, which if connected only with the higher potassium content of the sap RESISTANCE AND POTENTIAL. Ill of V. ventricosa, must argue against a high mobility of K + ion in the protoplasm, at least at the inner surface, since the P.D. is increased in the wrong direction, the positive current tending to flow from sea water inward to the sap. The difference can probably be explained on the basis of 3 layers in the protoplasm. ~ While stages (1) and (2) are the only ones necessarily passed through by the living impaled cells, there are two other stages which may temporarily be produced by special causes, and have important relations to the polarization phenomena. These are: (3) A stage of increased P.D. (inside positive), produced by the application of various solutions. The highest of these measured was: a) 100 millivolts (inside positive), produced by the immersion of the cell in artificial sap (such as employed in the capillary tubeS). This is almost instantly attained, remains from 1 to 5 minutes, and then more slowly falls away to 5 my. or less (inside positive). Sometimes the initial rise is only to 40 or 50 inv. There has not yet been found the secondary rise shown by V. macrophysa at its first contact with its own sap, and this behavior more resembles the succeeding applications of sap to that species3 The effect may be produced time after time in V .ventricosa if the cell is returned to sea water for several hours between exposures to sap. The rise of P.D. might be attributed to the high mobility of the K + ion in the outer surface of the protoplasm, and its succeeding fall to the total imbibition of the latter with KC1 destroying the gradient of K ÷ concentration across the outer surface. Protoplasmic asymmetry might thus be said to exist after the exposure of cells to sea water, but to disappear upon their imbibition with sap. According to Damon's explanation 4 for the shape of curves in successive applications of sap to V. macrophysa, the middle layer (W) of the protoplasm in V. ventricosa might further be considered always fairly well imbibed with KC1. 0.6 M KC1 acts much Hke sap in these experiments.
b) In addition to the large temporary increase of P.D. produced by sap, other, smaller, increases were produced by immersion of the cells in diluted sea water (1/10 sea water to 9/10 isotonic glycerine), and in 0.6 M MgSO,. In each case the P.D. rose to 35 or 40 my. (inside positive) and remained up for half an hour or longer. This increase is very much like the effect of dilute sea water on V. macrophysa. 1~ The direction of this increase argues for a higher mobility of some anion, presumably CI-, in the inner surface of the protoplasm, since the gradient is greatly increased by these treatments. Immersion of the cells in 0.6 M NaC1 promptly brings the P.D. nearly to zero, where it remains, and this could be ascribed to the abolition of the C1-gradient.
We now come to a fourth typical and very interesting stage:
Reversed potential: P.D. to 50 my. (outside positive). This frequently occurs after a long exposure to dilute sea water or MgSOt solution, especially just after the cells are re-lmmersed in ordinary sea water. The change to this level is very rapid, sometimes being completed in a few seconds. The recovery from it is usually somewhat slower, and its total duration is seldom more than 5 or 10 minutes. Its occurrence shortly after impalement in some cells has already been noted under stage (1). It may also be elicited after very large current flows, either of inward or of outward current. For the latter it is not in the direction of a counter ~..M.F. and therefore is distinct from the polarization response. Its independence of the current direction, and its production under a variety of circumstances, suggests rather that it is in the nature of an "alteration" such as the temporary destruction of the outer protoplasmic layer (X) 4 (or the reduction of its E.M.F.), leaving the outwardly directed E.M.F. of Y. This alteration is not permanently injurious to the cell, and is indeed characteristically found in those cells most nearly "normal" or "constant" in their apparent resistance. Thus it is most frequently seen just after "constant" cells are impaled, and then again toward the end of stage (2) when the cells have recovered from the injury of impalement. The ease of its production may then actually become troublesome in the measurement of bioelectric potentials.
I~ Damon, E. B., and Osterhout, W. J. V., J. Gen. Physiol., 1929-30, 13,445. (5)
The abolition of potential: (P.D., 1 mY. or less). This stage is reached on the death of the cell even before the protoplasm is obviously disintegrated. It may be produced by long applications of single salt solutions, or by heat, or by chloroform and other toxic agents. It is of no particular biological interest therefore, but serves as a check on the electrodes and on the experimental technique.
IV
We may now turn to the phenomena caused by the flow of current at these different stages.
Stage (5) has already been referred to in the discussion of methods, and serves as a convenient check upon the constancy of the electrodes and of the capillary resistance. In impaled cells just killed by chloroform, as much as 5 volts may be applied to the electrodes, and an approximately constant resistance measured during as long as a half hour of current flow in either direction. Neither electrodes, capillary, dead protoplasm nor cell wall introduce any significant change of resistance during this time. This shows that the heating effect of the current is negligible, and that migration of sea water into the vacuole is small.
In stage (1) are found rather similar conditions, except that the resistances tend to be slightly higher than those of the blank capillary before its insertion, and there is a feeble reaction, shown in the detector as a small back E.~.r. at the break of the current (of either direction). Occasionally there is a slightly higher apparent resistance to a small outward current than to an inward current, especially in cells where the reversion to stage (4) occurs. In general the effective resistance of the freshly impaled cells is so low as to be negligible at all current densities. This unexpected result in the early experiments of the author led to the temporary abandonment of the capillary method, since it could not be reconciled with the high effective resistance of the same cell measured just before its impalement. The low resistance is almost certainly due to leaks around the insertion of the capillary, but also to more profound changes in the entire protoplasmic surface. The nature of these changes begins to appear in the recovery process.
Stage (2). If now, after the cell had been impaled several hours, or as much as a day, a small potential (0.25 to 0.5 volt) was applied to the electrodes, the behavior was even more like that of stage (5) or a dead cell. The small reaction (back ~.~.r.) shown in stage (1) had usually disappeared, and the resistance was essentially equal to that of the blank capillary before its insertion (or to the alternating current resistance measured at the moment). When the potential was increased in a direction to carry the positive current outward (from sap to sea water) across the protoplasm, this low resistance was maintained, even up to currents of 100 microamperes (caused by the application of 5 volts to a capillary of 50,000 ohms resistance). Only when the current was reversed and passed inward across the protoplasm from sea water to sap was there a change of the apparent resistance. At slightly higher voltages, between 0.5 and 2 or more volts in these early stages, this change occurred rather suddenly (Fig. 3) . At the critical voltage there was at first no response to the flow of current, but in from 1 to 20 seconds there began a rise of apparent resistance, at first slow, then very fast, then slower again, sometimes carrying the image of the galvanometer fiber out of the field. When this was brought back to the center by balancing the decade resistance box of the adjacent bridge arm, a steady state was now maintained as long as the potential was applied to the bridge. The amount of the rise varied from 1 or 2 per cent up to 10 per cent or more of the Capillary resistance, and sometimes as much as 10,000 ohms additional resistance was required in the decade box to balance this apparent rise. What now occurs at the break of current, when the potential is removed from the bridge input terminals? In an ordinary resistance balance, through a wire resistance or through a blank capillary, the galvanometer image being brought to zero remains there when the potential is removed from the bridge. But in this case the image deflected greatly at the instant the outside potential was removed, and then returned slowly to zero again. Herein the cell resembled a platinum electrode, or a large condenser, and the deflection at break was due to the accumulated charge, or polarization potential. This is shown in Fig. 3 , together with the preceding rise of apparent resistance and the balance to zero.
If, now, the decade box increment being retained and the bridge balance kept at the steady state value reached in Fig. 3 , we apply the same critical voltage again, the record of Fig. 4 ensues. A rather long wait has followed the "break" of Fig. 3 , so that the string image is found now to be deflected approximately as far downward as it previously had risen upward. There is a delay of about a second at this level, and then the rise begins again, at first slowly, then more rapidly, finally flattening out at the center (zero) line representing the bridge balance. At removal of the potential from the bridge ("B") there is again an upward deflection, due to the back ~..~.F. When this has returned fully to zero for about a second, the potential is again applied to the bridge and again there is a deflection downward, which is much more rapidly recovered from, but still shows the double inflection of the first curve. Again there is an upward deflection at , at a partially recovered state, a, Outward current; b, inward current; c, outward current. In the latter the first exposure causes a partial polarization, followed by a regression. R = 50,000 ohms until the 3rd exposure in c, when it is reduced in 1000 ohm steps to 45,000 ohms. Detector sensitivity in open circuit as shown. Time marks, 1 second. M, make; B, break. "break," returning smoothly to zero. A third application after another second's delay gives a smooth curve which has almost no hint of a double inflection and is nearly an image of the return curve at break. It now closely resembles the charge and discharge curves of a condenser connected in the bridge, or the polarization curves of a blank platinum electrode. It is evident that an effect of previous flow of current persists from one exposure to the next, and that there has been a progressive change in the response of the protoplasm suggesting that of a change from a reversible electrode to a polarizing electrode. This however, holds only for inward currents, and if the current be reversed through the cell we obtain the record of Fig. 4b . The galvanometer image deflects immediately downward, and stays there as long as the current flows. The downward deflection is due to the maintenance of the bridge balance at the augmented value of R caused by the inward flow of current. If the balance be returned to that of the basal resistance S, the string image returns to zero, and there are no appreciable polarization phenomena either at make or break (i.e., the record is essentially a straight line). The protoplasm is apparently a perfectly reversible electrode to an outward current.
This condition may prevail for many days after impalement. But sooner or later the protoplasm begins to polarize also to an outward current, and this is foreshadowed by the behavior shown in Fig. 5 . The first section (a) repeats Fig. 4b for the bridge balance to the augmented state; there is seen to be no appreciable polarization with an outward current. The direction of the current through the cell was now reversed and the prompt polarization characteristic of the inward current was produced (Fig. 5 b) . The exposure was repeated, with even quicker response. Now the current was again quickly reversed, and Fig. 5 c shows the response occurring with an outward current, followed by an immediate regression to the level of Fig. 5 a. On break there is little or no back ~..~.F.,the image returning directly to zero without an excursion above the line. On the second application there is not even a temporary polarization, and the deflection is instant and complete. Finally the record shows the restoration of the bridge balance to the basal value (S) in steps of 1000 ohms.
It is evident from this record that the protoplasm is still not ordinarily polarizable to an outward current, but may be made so temporarily. Either by the movement of ions out of the protoplasm into the vacuole, or by the alteration of the protoplasmic properties, the previous inward current has left an effect which persists a short time. The further recovery process in the course of stage (2) has the same effect as this flow of current and Fig. 6 shows the response given at a later time by a cell that is beginning to polarize normally with currents in either direction. Fig. 6 a shows the prompt and symmetrical charge and discharge curves with the inward current. Fig. 6 b shows nearly an equal response with an outward current, but there is a succeeding regression which begins at a lower potential than with the inward current. This in general represents the behavior of the cells for the remainder of their life upon the capillary. They give good polarization with as low a potential as can be applied, and, for values up to about 0.5 volt (depending upon the resistance of the capillary) have a nearly constant apparent resistance with the current either direction. Above this value the apparent resistance may fall off, more rapidly with outward currents than with inward ones. The breakdown process is much the same in either case, being a regression of polarization following a preliminary rise, and simply occurs at lower current densities in the outward direction than in the inward. In this the cells in the recovered condition of stage (2) resemble "constant" intact cells which have been chloroformed at one end, and are considered to have reached as nearly normal a state as the impaled cells ever do, having an apparent resistance that is independent of the applied potential up to the breakdown value.
In stage (3), the condition of increased P.D. across the protoplasm, the relations of stage (2) still hold quite well. Most remarkable of all, the polarization response obtained when the cell is immersed in artificial sap is about as great as when in sea water, and is characteristically even more rapid in its development, having a very abrupt rise. After the exposure to sap has been continued for some time the polarization becomes less, and eventually may even be larger with an outward current than with an inward one. But for as long as half an hour after some cells have been immersed in artificial sap, their polarization response remained large and their apparent resistance as high as in sea water. It is difficult again to reconcile this result with a high mobility of K + ion across the entire protoplasm, and it may become necessary to ascribe the effects to some unspecified ion, possibly existing only within the protoplasm, and not dependent upon the environment immediately supplied in the experiment.
Finally we come to the anomalies of stage (4). These consist both in its production, and in the polarization phenomena which occur when it is established. Its production mechanically (by impalement) and chemically (by dilute sea water, etc.,) has been described above. Fig. 7 shows its production after the passage of large currents; in a after an inward, in b after an outward current. After the inward current, it has the same direction as the polarization potential and may normally add to the value of this. Certainly some frequent distortions of the return curve may be ascribed to a momentary production of this stage. But in the present case it forms a very distinct level equal to about 50 my., which persists for several seconds before returning to zero. In Fig. 7 b, after a large outward current has passed, there is first a large upward excursion due to the normal back E.M.F., but as this returns to zero there is a further movement, and the image goes below the zero line, again to an amount representing about 50 my. This is now contrary to the polarization E.M.F., and is therefore in the same direction as the applied potential, which had driven the current outward across the protoplasm. The P.D. of stage (4) is thus in reverse of the normal potential and is outside positive to the electrometer. (In Fig. 7 b this P.D. appears in an opposite direction from Fig. 7 a because the cell has been reversed in the bridge.) Whether it is caused by the outward flow itself, or by the return current from the large polarization charge, is still uncertain. In either case it could be explained by the temporary alteration of the outer layer (X).4
While in these records the reversed P.D. of stage (4) lasted only a few seconds, in other cases it remained long enough for measurements of effective resistance to be made across the protoplasm while in this stage. As indicated before under stage (1), the usual polarization phenomena are now reversed, and the resistance appears to be greater to an outward current than to an inward one. This continues as long as the reversed P.D. remains, and then, as it begins to return to normal, polarization becomes more nearly equal in both directions and finally reaches that of the late stages of (2).
Study of the records has shown that the P.D. of stage (4) is frequently driven approximately to zero by an outward current. Since this upward movement is characteristic of a back E.M.F., it would therefore appear to be a polarization, and would be measured as an increased resistance. On the other hand, the P.D. of stage (4) is but little increased by an inward current, and there is almost no back E.M.F. developed in excess of the existing P.D. (which, of course, is taken as the null point, either balanced out or used as a pseudo zero). Thus an apparent polarization of as much as 40 or 50 inv. to an outward current may really be due to the destruction of so much P.D. This illustrates a pitfall inherent in these measurements, which may have to be taken account of in other biological "polarizations." That it is not entirely responsible for the total polarization to an outward current has, however, been satisfactorily shown in Valonia macrophysa, and will be considered more fully in a paper dealing with t h a t species. Since an increased polarization to an outward current sometimes appears during the exposure of ceils to artificial sap, when there is no reversal of r.D. across the protoplasm, further interest is added to its study.
One question may remain concerning the recovery of impaled cells to a "constant" state. May not the polarization apparently occurring with currents directed outward really be due to their passage inward across a film of protoplasm formed over the orifice of the inserted capillary? Aside from the difference of constant intact cells which have been chloroformed at one end, and which show much the behavior of recovered impaled cells, there is the great difference of current densities between the point of the capillary where the current enters the vacuole and over the general surface by which it leaves. The area of protoplasm formed over the end of the capillary could not be more than 1 ram. 2 while that of the cell surface is usually from 2 to 3 cm?--a more than thousandfold difference. It is practically assured therefore that the relatively immense current density--a thousandfold greater--across the smaller protoplasmic film, if any, would break this down and render its resistance and reactance negligible. A ten to hundredfold increase is sufficient to do this on the remaining surface, as will be shown in a later paper dealing with injury and recovery. There is also the fact that such a protoplasmic plug would be bathed on its outer surface with artificial sap from the capillary, which is quite sufficient to destroy the protoplasmic properties of normal cells after exposures of a day or two?
Still better evidence that such a film is not concerned is fortunately available, due to the straight open tubes employed in connection with the capiUaries. With cells which had recovered to the "constant" state a fine platinum wire (attached on the end of a glass rod) was carefully inserted from above into the capillary, and a short distance into the vacuole. This was moved up and down gently and must have broken any plug which had formed. When the measurements were now repeated immediately after this probing the polarization effect was the same as before, and perfectly representative of the "constant" state as defined.
I t has already become sufficiently evident t h a t the apparent rise of resistance in the impaled cells is not real or ohmic, hut is due to a polarization potential. This, decreasing the current through the s y s t e m b y opposing the applied potential, is therefore measured as increased resistance. T h e reality of this back E.~.F. is evident from the string galvanometer records, and its responsibility for practically all of the apparent resistance rise is shown by the essential constancy of the alternating current measurements throughout the life of the impaled cells, independent of their effective resistance to direct current.
This being so, the value of the polarization potential (in millivolts) becomes of more interest than the apparent resistance rise as measured in ohms. Several ways of determining this--by direct reading in a calibrated electrometer, by compensation with an opposed series potentiometer, or by measurement of the galvanometer deflection at the instant of break, as recorded photographically--have been employed, and will be reported upon in the paper dealing with V . m a c r op h y s a .
These methods all agree well with the calculation of the back E.M.F., (P), from the known values of the applied potential (V), basal resistance (S), and apparent resistance (R), in which form the data for V . ventricosa were mostly recorded.
Thus in Fig. 3 where V = 1.0 volt S --45,000 ohms and R = 45,000 ohms (at the initial balance), there is at first no back v..M.F, and hence no deflection of the detector. As the back v..~.F, builds up, the detector deflects upward, and reaches an apparent value of approximately 50 mv. Since the sensitivity of the detector to a ~'.D. in the cell is reduced one-half with the bridge closed, ~ this P.D. is therefore about 100 mv. The polarization potential appearing at "break" is also seen to go momentarily to this value. When now the bridge was balanced to the augmented steady state, in the five steps of 1000 ohms each, shown in Table I gives further values of polarization potentials calculated by this means. It is seen that in the early stages of impalement these values are very small for small applied potentials, but increase suddenly and may reach values of 150 my. or higher with inward currents. Later, smaller polarization potentials appear with currents of either direction, and for part of the range, are closely proportional to the values of the applied potential. This has the effect of producing a uniform apparent resistance and the cells may be called "constant."
We may now with profit go back to the results with intact cells of V a l o n i a , I .~ and consider their apparent direct current resistance in the light of polarization potentials caused by the flow of current. Always taking account of the cell wall forming a constant shunt around the protoplasm, the apparent resistance of the latter was found to vary from less than 1000 ohms, in the freshly gathered "variable" cells/ to over 50,000 ohms in cells which had attained constancy of resistance. 2 The dead resistance on the other hand was usually 50 ohms or less. Inserting this value (50 ohms) as S, the real ohmic resistance in the preceding equation, we find in every case a very large factor to be multiplied into the applied poter/tial (V) to give the back E.~.F. (P). Thus when R = 1000 ohms and the applied potential is 20 mv., the back ~.:,~.F., P -~0 " 20, or 19 inv. When, under the application of 100 mv., the resistance of the protoplasm in the variable cells has risen to 10,000 ohms, 1 an even larger factor results, and the back .b~ ~. y . , p 9,960 -1 o, o o~" 100 = 99.5 my. In "constant" cells having an effective protoplasmic resistance of 50,000 ohms under the application of all potential differences from 10 to 100 my., the back E.~.F.'s therefore so closely approach the applied potentials as to be essentially equal. The fact that these resistances begin to fall off at values between 100 and 150 my. shows that in the intact cells the maximum polarization potentials are about half these values (since two layers of protoplasm are measured in series). This agrees well with the maximum values of 50 to 75 my. developed by either inward or outward current in impaled cells which have reached a "constant" state. On the similarity of these potentials should the comparison between intact and impaled cells be based, rather than upon the apparent resistance levels. For it is obvious that while a back E.~.~. of 49.9 inv. can effectively reduce to nearly zero a current through the protoplasm when 50 inv. is applied to an intact cell, such a back E.~.F. developed by the same initial current density in an impaled cell can only partly counteract a potential of one-half volt applied through the capillary. Thus a much larger current will continue to flow in the latter case than in the former, and to these differences of continued current density may be attributed some of the differences found between intact cells and impaled cells. The study of V. macrophysa has been particularly directed toward these differences, and the polarization potential will there be further considered in relation to the current density across the protoplasm.
The quantity involved in these effects, as distinct from the intensity (E.~t.F.) of polarization emphasized in this paper, is the capacitance of the protoplasm in its function as a condenser acquiring a charge during a flow of current. It early became evident that the capacitance of Valonia cells is very large, i.e., the quantity of electricity taken to charge them to a given potential is large and hence a long flow of current is required. Otherwise the records of charge and discharge could not be taken with a (relatively) slow-period instrument such as a string galvanometer. The fact that this instrument gives good records of these curves at quite ordinary camera speeds (2 cm. per second) has greatly simplified their study. The time relations will be considered in a forthcoming paper along with the closely related alternating current measurements. But an indication of the quantities involved is given in such curves as are shown in Figs. 3, 4 , 5, and 6. The time course of these is often a second or more (as compared to one or two thousandths of a second in human skin~) and the time constant r (time for the potential of any part of the curve to change by of its value) may be 0.2 or 0.3 second. Since (when r is in seconds, r in ohms, and c in farads) r --r c; and r, the total bridge resistance through which the potential is discharged, is usually not over 100,000 ohms, c, the effective capacitance of the protoplasm, is of the order of 2 or 3 microfarads. Thus for a cell of about 1 cm. diameter and some 3 cm. 2 surface, this is as high as 1 microfarad per cm3 It is interesting to note that capacitances of this general magnitude 13 Hozawa, S., Arch. ges. Physiol., 1928, 219, 111. were also found at the lower frequencies of alternating current, in experiments with Valonia made several years ago, ~4 and in later measurements to be published shortly. The figure is also in good agreement with that for red blood corpuscles (0.81 ~ F/cm3) published by Fricke; ~5 and, less closely, with that of McClendon ~s (9 ~F/cm3) for erythrocytes; and of Cole ~7 for Arbacia eggs (1.02 # F / c m . 2 at 350,000 cycles, or 18/zF/cm. 2, extrapolated to 1000 cycles).
SUMMARY
Electrical resistance and polarization were measured during the passage of direct current across a single layer of protoplasm in the cells of Valonia ventricosa impaled upon capillaries. These were correlated with five stages of the P.D. existing naturally across the protoplasm, as follows:
1. A stage of shock after impalement, when the P.D. drops from 5 my. to zero and then slowly recovers. There is very little effective resistance in the protoplasm, and polarization is slight.
2. The stage of recovery and normal I".D., with values from 8 to 25 my. (inside positive). The average is 15 mv. At first there is little or no polarization when small potentials are applied in either direction across the protoplasm, nor when very large currents pass outward (from sap to sea water). But when the positive current passes inward there is a sudden response at a critical applied potential ranging from 0.5 to 2.0 volts. The resistance then apparently rises as much as 10,000 ohms in some cases, and the rise occurs more quickly in succeeding applications after the first. When the potential is removed there is a back E.~.F. displayed. Later there is also an effect of such inward currents which persists into the first succeeding outward flow, causing a brief polarization at the first application of the reverse potential. Still later this polarization occurs at every exposure, and at increasingly lower values of applied potentials. Finally there is a "constant" state reached in which the polarization occurs t4 Blinks, L. R., Thesis deposited in the library of Harvard University, 1926. Abstract in Summaries of Theses (1926 ), Cambridge, 1930 t5 Fricke, H., and Morse, S., J. Gen. Physiol., 1925 -26, 9, 137. t6 McClendon, J. F., J. Biol. Chem., 1926 , 69, 733. t7 Cole, K. S., J. Gen. Physiol., 1928 with currents of either direction, and the apparent resistance is nearly uniform over a considerable range of applied potential. 3. A state of increased P.D. ; to 100 my. (inside positive) in artificial sap; and to 35 or 40 inv. in dilute sea water or 0.6 M MgSO4. The polarization response and apparent resistance are at first about as in sea water, but later decrease.
4. A reversed P.D., to 50 inv. (outside positive) produced by a variety of causes, especially by dilute sea water, and also by large flows of current in either direction. This stage is temporary and the cells promptly recover from it. While it persists the polarization appears to be much greater to outward currents than to inward. This can largely be ascribed to the reduction of the reversed P.9.
5. Disappearance of P.9. caused by death, and various toxic agents. The resistance and polarization of the protoplasm are negligible.
The back E.~.F. of polarization is shown to account largely for the apparent resistance of the protoplasm. Its calculation from the observed resistance rises gives values up to 150 inv. in the early stages of recovery, and later values of 50 to 75 inv. in the "constant" state. These are compared with the back ~.~.F. similarly calculated from the apparent resistance of intact cells.
The electrical capacitance of the protoplasm is shown by the time curves to be of the order of 1 microfarad per cm. ~ of surface.
